An enzyme that can synthesize O-alkylhomoserine from alcohols and 0-acetylhomoserine was purified from Corynebacterium acetophilum. The enzyme was found to be identical to O-acetylhomoserine sulfhydrylase; a preparation that appeared homogeneous on polyacrylamide gel electrophoresis showed both O-alkylhomoserine-synthesizing and O-acetylhomoserine sulfhydrylase activities. Its molecular weight was determined to be about 220,000, and it consisted of two subunits. Its pH and temperature optima for the two reactions were the same. Besides catalyzing the formation of homocysteine from O-acetylhomoserine and sulfide, it also catalyzed the syntheses of O-alkylhomoserines corresponding to the alcohols added from O-acetylhomoserine and ethyl alcohol, npropylalcohol, n-butyl alcohol, methyl alcohol, and n-pentyl alcohol, its activities with these alcohols decreasing in that order. L-Homoserine, O-succinylhomoserine, and O-acetylthreonine could not replace O-acetylhomoserine in either reaction, but O-acetylserine reacted with sulfide. O-ethylhomoserine, 0-acetylthreonine, O-succinylhomoserine, and O-acetylserine inhibited both enzyme activities. O-acetylhomoserine sulfhydrylase purified from Saccharomyces cerevisiae also showed O-alkylhomoserine-synthesizing activity. Thus, O-acetylhomoserine sulfhydrylase seems to catalyze O-alkylhomoserine synthesis in the presence of appropriate concentrations of alcohol and O-acetylhomoserine in microorganisms.
that appeared homogeneous on polyacrylamide gel electrophoresis showed both O-alkylhomoserine-synthesizing and O-acetylhomoserine sulfhydrylase activities. Its molecular weight was determined to be about 220,000, and it consisted of two subunits. Its pH and temperature optima for the two reactions were the same. Besides catalyzing the formation of homocysteine from O-acetylhomoserine and sulfide, it also catalyzed the syntheses of O-alkylhomoserines corresponding to the alcohols added from O-acetylhomoserine and ethyl alcohol, npropylalcohol, n-butyl alcohol, methyl alcohol, and n-pentyl alcohol, its activities with these alcohols decreasing in that order. L-Homoserine, O-succinylhomoserine, and O-acetylthreonine could not replace O-acetylhomoserine in either reaction, but O-acetylserine reacted with sulfide. O-ethylhomoserine, 0-acetylthreonine, O-succinylhomoserine, and O-acetylserine inhibited both enzyme activities. O-acetylhomoserine sulfhydrylase purified from Saccharomyces cerevisiae also showed O-alkylhomoserine-synthesizing activity. Thus, O-acetylhomoserine sulfhydrylase seems to catalyze O-alkylhomoserine synthesis in the presence of appropriate concentrations of alcohol and O-acetylhomoserine in microorganisms.
O-alkylhomoserines (ROCH2CH2CHNH2-COOH) are the first known naturally occurring amino acids containing an ether bond. 0-methyl-, O-ethyl-, 0-propyl-, 0-butyl-, and O-pentyl-L-homoserines accumulated in the media of cultures or cell reactions ofCorynebacterium ethanolaminophilum E17, containing methyl alcohol, ethyl alcohol, n-propyl alcohol, n-butyl alcohol, and n-pentyl alcohol, respectively (9, 23, 24) . Later, 0-3-hydroxybutyl-, 0-4-hydroxybutyl- (6) , and 0-isobutyl-homoserines (31) were found in the cultures of bacteria that used 1,3-butanediol, 1,4-butanediol, and isobutyl alcohol. The alkylhomoserine O-ethylhomoserine was found to be formed by many strains of gram-positive bacteria (24) , some strains of Pseudomonas (32) , and yeast (10) . Moreover, we demonstrated that an 0-alkylhomoserine was involved in the biosynthesis of methionine from homoserine in Corynebacterium (12) and that O-alkylhomoserine was synthesized from O-acetylhomoserine and alcohols by a cell-free extract ofC. acetophilum A51 (28) . This paper describes the purification and properties of an enzyme synthesizing 0-alkyl-62 homoserine from C. acetophilum and its identity with O-acetylhomoserine sulfhydrylase. The role of O-alkylhomoserine in microorganisms is discussed on the basis of these findings.
MATERIALS AND METHODS
Cultures. The strain of C. acetophilum A51 used was originally isolated by Harada et al. from soil as a strain producing glutamic acid in high yield from acetic acid (11) . Cells grown in shaking cultures for 20 h at 30°C in 2 liters of minimal medium were inoculated into 18 liters of minimal medium containing, per liter: (NH4)2SO4, 1 g; urea, 1 g; KH2PO4, 2 g; K2HP04 12H20, 13 g; MgSO4 * 7H20, 0.1 g; yeast extract, 0.5 g; FeCl3 * 6H20, NaCl, and MnCl2 * 4H20, serine, and enzyme solution. The total volume was 0.1 ml, and incubation was conducted for 40 min at 30°C. Control mixtures, without acyl amino acid, were treated in the same way. The reaction mixtures were deproteinized by addition of 10 ,ul of 2 M formic acid, and samples were directly subjected to chromatography. O-ethylhomoserine was separated by descending chromatography on Toyo-Roshi no. 50 filter paper in n-butyl alcohol-acetic acid-water (4:1:1, vol/vol/vol). Radioactive compounds were located by exposing the chromatograms to X-ray film for 2 days. The radioactive spot of O-ethylhomoserine was cut out, and the radioactivity was measured with a liquid scintillation counter. Under these assay conditions, O-alkylhomoserine-synthesizing activity was measured with a +5% error. For determination of the substrate specificity for alcohols, 0-acetyl-[14C]homoserine was used. O-acetylhomoserine interfered with the paper chromatographic separation of O-alkylhomoserines. Therefore, reaction mixtures were treated with alkali to convert it to Nacetylhomoserine. Then samples of the mixture were each applied to 1-ml-volume columns of Dowex 50-H+. The columns were washed with water and eluted with 1 N NH40H. The eluates were evaporated in vacuo to remove ammonia and then subjected quantitatively to paper chromatography. When mixtures of O-ethylhomoserine and 0-acetylhomoserine were subjected to treatment with alkali and Dowex 50 chromatography, 99% of the 0-acetylhomoserine was removed (as N-acetylhomoserine) and 95% of the O-ethylhomoserine was recovered. Assay of 0-acetylhomoserine sulfhydrylase. 0-acetylhomoserine sulfhydrylase was assayed by a modification (1) ofthe colorimetric method of Liddell and Saville (20) . This method is a diazo reaction for sulfhydryl groups, which is more sensitive and convenient than the radioactive method (1). The reaction mixture contained: 50 mM O-acetyl-L-homoserine; 5 mM sodium sulfide; 0.15 M tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 7.4); 1.25 mM ethylenediaminetetraacetic acid; and enzyme solution in a total volume of 0.2 ml. The mixture was incubated at 30°C for 4 Chemicals. 0-methyl-, O-ethyl-, 0-propyl-, 0-butyl-, and 0-pentyl-L-homoserines were prepared as described previously (22, 25, 27) . 0-acetyl-L-threonine was prepared by the method of Sakami and Toennies (34 
RESULTS
Purification of the enzyme. All procedures were carried out at 0 to 5°C and, when necessary, enzyme fractions were stored at -10°C.
(i) Preparation of crude extract. The whole cells collected by centrifugation (about 100 g, wet weight) were washed with 10 mM phosphate buffer (pH 7.5), containing 1 mM dithiothreitol and 5% glycerol (buffer I), and then suspended in 200 ml of the same buffer. Cells were disrupted by sonication for 20 min at 20 kcycles in an Ultrasonic oscillator (KaijoDenki, type 4280) in ice water. The cell debris was removed by centrifugation first at 16,000 x g for 30 min and then for 60 min at 60,000 x g.
(ii) Ammonium sulfate fractionation. Solid ammonium sulfate was added to the supernatant fraction with stirring to give a final saturation of 45%. The precipitate formed was removed by centrifugation for 20 min at 15,000 x g, and the supernatant solution was brought to 65% saturation of ammonium sulfate by further addition of salt. The resulting precipitate was collected by centrifugation and dissolved in 80 ml of buffer I. This solution was dialyzed against the same buffer.
(iii) Diethylaminoethyl-cellulose chromatography. The dialyzed material was applied to a column (3.6 by 39 cm) of diethylaminoethylcellulose equilibrated with buffer I. The column was washed with 300 ml of buffer I containing 0.1 M NaCl and then eluted with 2 liters of a linear gradient of 0.1 to 0.5 M NaCl in the same buffer. The fractions eluted with 0.35 M NaCl were combined, and the material was precipi-VOL. 130, 1977 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from tated with ammonium sulfate (80% saturation), dissolved in a small amount of buffer I, and dialyzed against the same buffer.
(iv) Hydroxylapatite chromatography. The material (20 ml) from step (iii) was charged on a column (3 by 15 cm) of hydroxylapatite equilibrated with buffer I. The column was washed with 100 ml of buffer I and then eluted with 500 ml of a linear concentration gradient of 0.01 to 0.3 M potassium phosphate buffer. The fractions eluted from the column with about 0.12 M buffer were combined and treated with ammonium sulfate (80% saturation). The precipitate was dissolved in buffer I and dialyzed against the same buffer.
(v) Diethylaminoethyl-Sephadex chromatography I. The enzyme solution was concentrated (2 ml) and applied to a column (1.5 by 25 cm) ofdiethylaminoethyl-Sephadex A-25 equilibrated with 50 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.4), containing 0.1 M NaCl, 1 mM dithiothreitol, and 5% glycerol (buffer II). The column was washed with 50 ml of the same buffer and eluted with a linear gradient of 0.1 to 0.5 M NaCl. The fractions eluted from the column with about 0.25 M NaCl were combined and treated with ammonium sulfate (80% saturation). The precipitate was dissolved with a small amount of buffer I and dialyzed against the same buffer. The results of the purification procedure are summarized in Table 1 . The O-alkylhomoserine-synthesizing enzyme was purified about 250-fold, with a 7.4% overall yield. The enzyme is rather unstable even with glycerol at 00C, so that activity was lost throughout the purification procedure. Therefore, specific activity could not be used as a criterion for enzyme purity. The half-life of the enzyme was about 10 days with glycerol. Without glycerol, the enzyme activities were lost within 1 week. At all purification steps, O-acetylhomoserine sulfhydrylase activity was found in the same fractions as O-alkylhomoserine-synthesizing enzyme activity. Moreover, the ratio of the specific activity of O-acetylhomoserine sulfhydrylase to that of the O-alkylhomoserine-synthesizing enzyme and the yields of the two enzyme activities were similar at each purification step.
Purity of the enzyme. The purified enzyme exhibited a single protein band upon electrophoresis in 7.5% acrylamide gel at pH 8.3 ( 2). We could not find any contamination at up to 50-,g concentrations ofthe protein. This purified protein showed both O-alkylhomoserinesynthesizing and O-acetylhomoserine sulfhydrylase activities. Assay of the two activities in gel slices (1 mm) also showed that the two enzyme activities were present in a slice containing the single protein band, but not in other slices that might contain a minor protein(s). Cystathionine y-synthase activity was not detected in the purified enzyme, although it was detected in crude enzyme extracts (specific activity, 15 nmol/min per mg of protein).
Molecular weight. The molecular weight of the purified enzyme was estimated from its mobility on a Sephadex G-200 column to be about 220,000 (Fig. 3A) . The molecular weight was also estimated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (Fig. 3B) . By comparison with several other proteins of known molecular weight, the enzyme was estimated to have a molecular weight of about 110,000. This suggests that the enzyme is composed of two subunits of similar size.
pH and temperature optima. The pH optimum of the O-alkylhomoserine-synthesizing enzyme was 8.5 in pyrophosphate buffer. This optimum and the shape ofthe pH activity curve were the same as those of O-acetylhomoserine sulfhydrylase. The temperature optimum for both enzyme activities was 42 to 45°C. 50°C for 1 h, and subjected to electrophoresis as described in the text. The following were used as marker proteins (molecular weight): 1, apo-ferritin (480,000); 2, gamma globulin (160,000); 3, bovine serum albumin (67,000); 4, ovalbumin (45,000); 5, myosin heavy chain (197,000); and 6, chymotrypsinogen (25, 000) . amino acids tested, 0-acetyl-L-serine, 0-succinyl-L-homoserine, 0-acetyl-L-threonine, and Lhomoserine, could not replace 0-acetyl-L-homoserine. Labeled 0-ethyl-, 0-propyl-, 0-butyl-, 0-methyl-, and 0-pentyl-homoserines were formed from ethyl alcohol, n-ethyl alcohol, npropyl alcohol, n-butyl alcohol, methyl alcohol, and n-pentyl alcohol, respectively, in the presence of labeled 0-acetylhomoserine, the activities decreasing in that order, as described previously for the crude enzyme (28) . 0-acetylhomoserine sulfhydrylase also showed high activity towards 0-acetyl-L-homoserine, but low activity towards 0-acetyl-I-serine, as reported for the enzyme from S. cerevisiae (44 Inhibition of the enzyme. The effects of various alcohols on 0-alkylhomoserine-synthesizing activity were examined (Table 3) . n-Propyl alcohol, n-butyl alcohol, methyl alcohol, and isopropyl alcohol were rather strongly inhibitory. At concentrations of 100 mM, isobutyl alcohol, sec-butyl alcohol, tert-butyl alcohol and n-pentyl alcohol were only slightly inhibitory. 
O-ALKYLHOMOSERINE SYNTHESIS IN MICROORGANISMS
The inhibitory effects of amino acid analogues were also tested. 0-succinyl-L-homoserine and 0-acetyl-I-serine were strongly inhibitory. At concentrations of 100 mM, O-ethyl-L-homoserine, 0-acetyl-L-threonine, and L-homoserine caused about 25, 47, and 24% inhibition, respectively. Sodium sulfide inhibited the enzyme activity almost completely, whereas 100 mM methylmercaptan caused 30% inhibition. Hydroxylamine, hydrazine, phenylhydrazine, KCN, and p-chloromercuribenzoate were strong inhibitors.
The inhibitory effects on 0-acetylhomoserine sulfhydrylase were also investigated. Concentrations of 100 mM 0-succinyl-L-homoserine and 0-acetyl-L-threonine were strongly inhibitory. O-ethyl-L-homoserine, 0-acetyl-L-serine, and L-homoserine were moderately inhibitory, whereas serine was not inhibitory. Ethyl alcohol was not inhibitory in concentrations up to 100 mM, but was inhibitory at a 1 M concentration. Hydroxylamine, hydrazine, and phenylhydrazine were strong inhibitors of 0-acetylhomoserine sulfhydrylase activity as well as of the 0-alkylhomoserine-synthesizing enzyme activity. KCN was not strongly inhibitory at a 10 mM concentration.
Substrate kinetics of the activities of en- Methyl alcohol 43.6 Ethyl alcohol zymes from different sources. The relationship between substrate concentration and reaction rate was studied for the two reactions ( Fig.  4 and 5) . The Table 4 . The enzyme from S. cerevisiae showed higher affinity toward 0-acetylhomoserine than that from C. acetophilum, both for O-alkylhomoserine-synthesizing and O-acetylhomoserine sulfhydrylase activities.
The enzyme from C. acetophilum showed higher affinity for ethyl alcohol than that from S. cerevisiae. The specific activities for the enzyme (Tables 1 and 2 ) and the Vma, (Table 4) show that O-alkylhomoserine synthesis in C. acetophilum is due to a minor activity of the enzyme, proceeding at less than 1% of the rate of O-acetylhomoserine sulfhydrylase. The Vmax value of O-alkylhomoserine-synthesizing enzyme activity in C. acetophilum was about 20 times higher than that in S. cerevisiae. DISCUSSION The enzyme synthesizing O-alkylhomoserine from O-acetylhomoserine and alcohol is of interest because it catalyzes the synthesis of an ether bond and also because the reaction is involved in methionine biosynthesis and alcohol metabolism. Our results show that 0-acetylhomoserine sulfhydrylase in C. acetophilum and S. cerevisiae catalyzes the synthesis of 0-alkylhomoserines.
A variety of enzymatic sulfhydrylation reactions have been found in various microorganisms and plants. These reactions have the common feature that the acceptor substrate is hydroxyacylamino acid: either O-acetylserine, 0-acetylhomoserine, or O-succinylhomoserine. The replacing agent is either sulfide or methylmercaptan, and the resultant products are cysteine, S-methylcysteine, homocysteine, and methionine. In our study we found that alcohols, such as methyl alcohol, ethyl alcohol, npropyl alcohol, n-butyl alcohol, and n-pentyl alcohol, could replace sulfide or methylmercaptan with formation of the corresponding 0-alkylhomoserines. Probably, 0-3-hydroxybutyl-, O-4-hydroxybutyl-, and 0-isobutyl-homoserines are synthesized by the same reaction. Once it was thought that the difference in acetyl and succinyl bases in different organisms, such as a succinyl base in Escherichia coli (33) and Salmonella typhimurium (1, 13, 33) and an acetyl base in Neurospora crassa (17, 29) and S. cerevisiae (3, 40) , reflected a dichotomy between procaryotic and eucaryotic organisms; more recently, however, it has been observed that several bacterial species, such as Bacillus subtilis (2), B. polymyxa (41) , Corynebacterium acetophilum (28), C. glutamicum (14) , Brevibacterium flavum (22) , and Arthrobacter paraffineus (30) , and a few plants, such as spinach (8) and turnip (36) , also utilize 0-acetylhomoserine, whereas in many algae and higher plants (4) methionine is derived from 0-phosphohomoserine.
O-ethylhomoserine was found to be formed by many strains of Corynebacterium, Brevibacterium, Bacillus, Mycobacterium, Nocardia, and Streptomyces (19) and some strains ofPseudomonas (32), Clostridium (37), and yeast (10) . All these bacteria except Pseudomonas are gram positive. The similarity in the distribution of 0-alkylhomoserine to that of 0-acetylhomoserine sulfhydrylase suggests that Nocardia, Streptomyces, Clostridium, and Pseudomonas may utilize 0-acetylhomoserine rather than 0-succinylhomoserine as an active hydroxyacyl amino acid. B. subtilis might be unu- c From reference 42. sual in that it utilizes both acetyl and succinyl bases (4) . Figure 6 shows a summary of metabolic reactions related to methionine and 0-alkylhomoserine biosyntheses in microorganisms. Generally, gram-negative bacteria seem to utilize the succinyl base, whereas the acetyl base is utilized by gram-positive bacteria, especially coryneform bacteria, and fungi. Pseudomonas and Bacillus may locate on the boundary line. Accumulation of O-alkylhomoserine in the culture broth of microorganisms may be due to the level of O-acetylhomoserine sulfhydrylase and to the concentrations of alcohol and O-acetylhomoserine in the culture medium. It was demonstrated that ethyl alcohol was taken up by C. acetophilum by active transport and accumulated in the cells (26) . 0-alkylhomoserine could be utilized by methionine-requiring mutant cells instead of methionine (12) accumulation in the culture broth under normal conditions. However, cystathionine synthesis from O-acetylhomoserine and cysteine was observed in crude extracts of C. acetophilum and C. glutamicum (15) , and methionine-requiring mutants ofC. acetophilum (Seto et al., unpublished data) and C. glutamicum (15) were specifically defective in this or the subsequent step of cystathionine cleavage to homocysteine. In Neurospora it was demonstrated that trans-sulfuration via cystathionine is the main pathway in vivo for methionine formation (18) . It is conceivable that the primary function of O-acetylhomoserine sulfhydrylase is not directly related to homocysteine and methionine syntheses and that O-alkylhomoserines are by-products of O-acetylhomoserine and alcohols (Fig. 6) Enzymes prepared from the following microorganisms were reported: IS, homoserine transsuccinylase from Escherichia (33) and Salmonella (33) ; 1A, homoserine transacetylase from Arthrobacter (30), Bacillus (2, 4, 30) , Brevibacterium (22) , Corynebacterium (14) , and Neurospora (29); 2S, cystathionine y-synthase from Escherichia (4) , Bacillus (4), and Salmonella (13); 2A, cystathionine y-synthase from Bacillus (2, 41), Corynebacterium (15) , Neurospora (17) , and Saccharomyces (3, 40) ; 3S and 4S, O-succinylhomoserine sulfhydrylase from Escherichia (40) and Salmonella (5); 3A and 4A, O-acetylhomoserine sulfhydrylase from Corynebacterium (this paper), Cunninghamella (18) , Candida (18) , Neurospora (16) , and Saccharomyces (3, 19, 40, 42) ; 5A, O-acetylhomoserine sulfhydrylase (O-alkylhomoserine-synthesizing enzyme) from Bacillus (24) , Brevibacterium (24) , Clostridium (37) , Corynebacterium (24) , Mycobacterium (24) , Nocardia (24) , Pseudomonas (32) , Streptomyces (24) , Candida (10) , and Saccharomyces (this paper). -R, -CH3, -CH2CH3, -(CH2)2CH3, -(CH2)3CH3, -(CH2)4CH3, -(CH2)40H, -(CH2)2CHOHCH3, and -CH2CH(CH3)2.
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